ABSTRACT Voltage-gated K ϩ channels exhibit a slow inactivation process, which becomes an important influence on the rate of action potential repolarization during prolonged or repetitive depolarization. During slow inactivation, the outer mouth of the permeation pathway undergoes a conformational change. We report here that during the slow inactivation process, the channel progresses through at least three permeation states; from the initial open state that is highly selective for K ϩ , the channel enters a state that is less permeable to K ϩ and more permeable to Na ϩ , and then proceeds to a state that is non-conducting. Similar results were obtained in three different voltage-gated K ϩ channels: Kv2.1, a channel derived from Shaker (Shaker ⌬ A463C), and a chimeric channel derived from Kv2.1 and Kv1.3 that displays classical C-type inactivation. The change in selectivity displayed both voltage-and time-dependent properties of slow inactivation and was observed with K ϩ on either side of the channel. Elevation of internal [K ϩ ] inhibited Na ϩ conduction through the inactivating channel in a concentration-dependent manner. These results indicate that the change in selectivity filter function is an integral part of the slow inactivation mechanism, and argue against the hypothesis that the inactivation gate is independent from the selectivity filter. Thus, these data suggest that the selectivity filter is itself the inactivation gate.
INTRODUCTION
In response to prolonged or repetitive depolarization, voltage-gated K ϩ channels enter an inactivated state in which K ϩ conductance is prevented. Inactivation involves at least two different mechanisms, an N-type mechanism that occurs at the cytoplasmic face of the channel Zagotta et al., 1990 ) and a C-type mechanism that involves a conformational change near the outer mouth of the pore (Grissmer and Cahalan, 1989; Yellen et al., 1994; Liu et al., 1996) . Although the C-type mechanism occurs with a wide range of rates, it is generally much slower than the N-type mechanism and occurs on a time scale of 10s of ms to seconds (Stuhmer et al., 1989; Hoshi et al., 1991; Lopez-Barneo et al., 1993; Marom and Levitan, 1994) . In neurons, entry of K ϩ channels into the C-type inactivated state can lead to significant changes in signaling properties such as firing rate and action potential duration (Aldrich et al., 1979; Aldrich, 1981; Hsu et al., 1993) . Consequently, mechanisms that control the rate and underlie phenotypic diversity of C-type inactivation are of considerable importance to the physiology of cells that utilize long duration action potentials or undergo changes in firing frequency.
Several lines of evidence suggest that C-type inactivation involves a constriction within the outer mouth of the pore. C-type inactivation results from a cooperative conformational change involving all four subunits of the channel (Ogielska et al., 1995; Panyi et al., 1995) . During inactivation, cysteines at Shaker position 448 (located just external to the selectivity filter GYG residues) can become crosslinked, which suggests that the molecular movement associated with inactivation brings these amino acid residues closer together (Liu et al., 1996) . Occupancy of the outer mouth of the pore by tetraethylammonium, which binds near the amino acid at Shaker position 449 (MacKinnon and Yellen, 1990; Heginbotham and MacKinnon, 1992) , or protonation of a histidine at the equivalent of Shaker position 449, slow the rate of C-type inactivation (Busch et al., 1991; Choi et al., 1991) . Similarly, occupancy of the outer mouth of the pore by K ϩ slows the rate of C-type inactivation (Lopez-Barneo et al., 1993; Baukrowitz and Yellen, 1996) . It has been proposed that this slowing occurs by a "foot-inthe-door" mechanism, whereby the presence of the cationic K ϩ , tetraethylammonium, or H ϩ within the pore, just external to the selectivity filter, prevents the constriction required for inactivation to occur. At submillimolar internal [K ϩ ], the relative permeability of Shaker to K ϩ and Na ϩ changes during the C-type inactivation process (Starkus et al., 1997) , which suggests that the inactivation-induced conformational change can influence ionic selectivity. The site at which K ϩ directly slows inactivation appears to be a high affinity binding site involved in the ionic selectivity mechanism . Recent structural data from the Streptomyces lividans K ϩ channel suggest that the high affinity K ϩ binding site associated with selectivity is in the narrow region of the conduction pathway that forms the selectivity filter (Doyle et al., 1998) . Taken together, these observations lead to the hypothesis that slow inactivation results from a constriction of the selectivity filter itself.
To test this hypothesis, we examined the inactivationinduced change in ionic selectivity in three channels. We studied Kv2.1, which is the one wild-type K ϩ channel known to display a competitive interaction between K ϩ and Na ϩ for occupancy of the selectivity filter (Korn and Ikeda, 1995) but which displays a nonclassical slow inactivation process (De Biasi et al., 1993) . We also studied a chimeric channel derived from Kv2.1 and Kv1.3, which displays both competition between K ϩ and Na ϩ for the selectivity filter and also a classical C-type inactivation mechanism . Finally, we examined a Shaker mutant, Shaker ⌬ A463C, which conducts Na ϩ better than wild-type Shaker, displays competition between K ϩ and Na ϩ for the selectivity filter, and displays slow inactivation similar to wild-type Shaker (Ogielska and Aldrich, 1996) . In each channel, prolonged depolarization produced a change in ionic selectivity that displayed the voltage-and time-dependent properties of slow inactivation. During inactivation, Na ϩ permeability first increased relative to K ϩ permeability, and then Na ϩ permeability was reduced. This selectivity change occurred with K ϩ on either side of the membrane. Together, these data indicate that the selectivity filter is an integral part of the inactivation mechanism and argue against the hypothesis that the inactivation gate is external to and independent from the selectivity filter. Thus, these data support the hypothesis that the selectivity filter itself is the inactivation gate.
MATERIALS AND METHODS

Molecular biology and channel expression
All methodology has been previously published . We studied three cloned K ϩ channels, the wild-type Kv2.1, a chimeric channel that contained the S5-S6 loop from Kv1.3 inserted into a backbone of Kv2.1 (Gross et al., 1994; , and Shaker ⌬ A463C, (Shaker H4 with mutations ⌬6 -46 to remove N-type inactivation and A463C to enhance Na ϩ permeability; Hoshi et al., 1990; Ogielska and Aldrich, 1996) . Briefly, K ϩ channel cDNA was subcloned into pcDNA3 vector and expressed in the human embryonic kidney cell line, HEK293 cells (American Type Culture Collection, Rockville, MD) by electroporation. Cells were maintained in Dulbecco's modified Eagle's medium plus 10% fetal bovine serum plus 1% penicillin/streptomycin (maintenance media); new cells were brought up from frozen stock every 6 weeks. Cells were co-transfected by electroporation with channel plasmid (15 g/0.2 ml) and the CD8 antigen (1 g/0.2 ml). After electroporation, cells were plated on protamine-coated glass coverslips submerged in maintenance media. Electrophysiological recordings were made 18 -30 h after transfection. On the day of recording, cells were washed with fresh media and incubated with Dynabeads M450 conjugated with antibody to CD8 (1 l/ml; Dynal, Oslo, Norway) for visualization of transfected cells . Electroporated but untransfected HEK cells had less than 2 nS endogeneous K ϩ conductance with 140 mM internal K ϩ , which is 1000 -5000 fold lower than in cells transfected with K ϩ channels. Untransfected HEK cells had no resolvable Na ϩ currents with 165 mM external Na ϩ , with or without internal K ϩ .
Electrophysiology
Electrophysiological methods were as described previously . All recordings were made in the whole cell or in the excised outside-out patch configuration. In all experiments, the holding potential was Ϫ80 mV. Depolarizing stimuli are illustrated in the figures. Currents were filtered at 2 kHz (internal Axopatch filter; Axon Instruments, Foster City, CA ϩ . Solutions were fed from one of six reservoirs through plastic tubing to a single, 100 m diameter quartz tip placed within 10 m of the cell. The solution bathing the cell was constantly flowing, and switched manually.
Summed data are expressed as mean Ϯ SE. Percent inactivation of K ϩ currents was calculated as the magnitude of the current at the end of the depolarizing voltage step divided by the magnitude of the current at the peak. All data acquisition, analysis, and curve fitting were done with Clampfit (Axon Instruments) and Sigmaplot 2.0 (Jandel Scientific).
RESULTS
Change in ionic selectivity of Kv2.1 with prolonged depolarization
In the voltage-gated K ϩ channel, Kv2.1, ionic selectivity is determined at least partially by a competition between K ϩ and Na ϩ for occupancy of and passage through the pore (Korn and Ikeda, 1995 (Fig. 1 A) . This reversal potential represents a Na ϩ :K ϩ permeability ratio of 0.012. Under these conditions, there was little inactivation. With more prolonged depolarization, channels inactivated and ionic selectivity changed, such that channels became relatively more permeable to Na ϩ as K ϩ current decreased. Following a 4-second depolarization, channels inactivated by 63%, and the reversal potential shifted to Ϫ42 mV (Fig. 1 B) . Fig. 1 C plots current-voltage relationships at three different levels of inactivation from the cell in panels A and B. Fig. 1 D, which plots data from 13 cells, illustrates that the reversal potential shifted over 45 mV during the course of slow inactivation and that the reversal potential shift was positively correlated with percent inactivation. This shift represents approximately a 10-fold increase in Na ϩ permeability relative to K ϩ .
Inward currents did not result from
The change in Na ϩ permeability associated with K ϩ current inactivation could also be observed with a different experimental protocol. Cells were depolarized for different durations, and the magnitude of inward current upon repolarization was monitored (Fig. 2 A) . As outward K ϩ current inactivated, the magnitude of the inward current initially increased, as expected for an increase in relative Na ϩ permeability with K ϩ current inactivation. As the duration of depolarization was further increased, K ϩ current inactivation continued, and the inward tail current magnitude decreased. This biphasic change in inward current magnitude suggests that as inactivation proceeded, channels initially FIGURE 2 Enhanced inward current during inactivation is not caused by external accumulation of K ϩ . Depolarizing voltage steps to ϩ40 mV were delivered for incrementally increasing durations, once every 35 s. The first depolarization lasted for 50 ms, and the duration of depolarization for each sequential trace increased in 500 ms increments. (A-C) Fourteen superimposed traces that illustrate currents evoked in the presence of 5 (A), 30 (B), and 100 mM (C) internal K ϩ . A and B illustrate whole cell currents; currents in C were evoked in an excised, outside-out patch. Repolarization was to Ϫ80 mV in A and B, and to Ϫ100 mV in C. (D) Currents evoked in the presence of 30 mM internal K ϩ and 0 external Na
become more permeable to Na ϩ and then become less permeable to Na ϩ . A possible artifactual explanation of the reversal potential shift ( Fig. 1 ) and the enhanced inward tail current with prolonged depolarization (Fig. 2 A) was that K ϩ leaving the cell during depolarization accumulated outside the cell membrane and carried the inward current upon repolarization. We did two types of experiments to test for the possibility that external K ϩ accumulation contributed to the inward current.
First, we examined the inward current magnitude in the presence of increasing internal [
, then extracellular accumulation of K ϩ should be greater, and the magnitude of inward current upon repolarization should be increased with higher internal [K ϩ ]. This was not the case. With 5 mM internal K ϩ ( Fig. 2 A) , the largest inward tail current (trace 3) was 1.57 Ϯ 0.20 (n ϭ 5) times the magnitude of the outward K ϩ current. With an internal [K ϩ ] of 30 mM, the inward tail current was just 0.30 Ϯ 0.04 (n ϭ 4) times the magnitude of the outward current (Fig. 2 B) . With 100 mM internal K ϩ , no inward tail current was detectable (Fig. 2 C; n ϭ 3).
In the second type of experiment, we replaced external Na ϩ with NMG ϩ . As shown in Fig. 2 D, no inward tail current was observed despite prolonged activation of large outward K ϩ currents. Similar experiments are illustrated in Fig. 3 B and Fig. 6 C. Taken together, these results demonstrate that the inward tail current was carried by Na ϩ and rule out the possibility that inward current was carried by K ϩ that had accumulated in the extracellular space during the depolarization-activated outward current.
Inactivation as a multistep change in the permeation pathway
The reversal potential measurements in Fig. 1 indicated that with prolonged depolarization, the ability of Na ϩ to flow in the inward direction increased compared with the ability of K ϩ to flow in the outward direction. The experiments in Fig. 2 A and B suggested that as inactivation proceeded, the channel went through two permeation states. Initially, the ability of Na ϩ to conduct increased as the ability of K ϩ to conduct decreased. With more prolonged depolarization, the ability of Na ϩ to conduct then decreased. This was examined more directly in the experiments of Fig. 3 .
With 5 mM internal K ϩ and 165 mM external Na ϩ , currents reversed at Ϫ30.5 Ϯ 2.5 mV (n ϭ 4; Fig. 3 A, filled circles) following a brief depolarization in which no inactivation was observed. Following a 3.3-second depolarization that resulted in 81.5 Ϯ 2.3% inactivation, currents recorded under these conditions reversed at ϩ4.5 Ϯ 1.7 mV (n ϭ 4; Fig. 3 A, open circles). Because inactivation is a time-dependent phenomenon, depolarization to a single potential between the two reversal potentials would be predicted to produce an initial outward current carried by K ϩ that, over time, reverses to an inward current carried by Na ϩ . This was indeed the case. Depolarization to Ϫ10 mV resulted in an initial outward current that reversed to an inward current in ϳ1 s (Fig. 3 B) . As the depolarizing stimulus continued, the inward current decayed, consistent with a transition to a state that allowed neither K ϩ nor Na ϩ to conduct. The inward current, but not the outward current, was eliminated upon replacement of external Na ϩ with the impermeant Tris (Fig. 3 B) , which demonstrates that the inward current was carried by Na ϩ . Similar results were obtained when the polarity of the current carrying ions was reversed (Fig. 3 C) . With channels exposed externally to 5 mM K ϩ and internally to 140 mM Na ϩ , depolarization to ϩ11 mV resulted in an initial inward current, which reversed to an outward current as time progressed. As in Fig. 3 B, Na ϩ current decayed as depolarization continued, consistent with the transition to a nonconducting state. These data indicate that during inactivation, Kv2.1 channels convert from K ϩ -conducting to Na ϩ -conducting to nonconducting and therefore suggest that the conformational change that the channel goes through during inactivation is a multistep process.
Reversal of current polarity occurred much more rapidly with K ϩ on the external side than the internal side of the membrane (compare Fig. 3 C with Fig. 3 B; the difference in membrane potential in these two experiments would produce a negligible change in inactivation kinetics). With internal K ϩ , current reversed from outward to inward in 912 Ϯ 111 ms (n ϭ 8). With external K ϩ , current reversed from inward to outward in 58 Ϯ 2 ms (n ϭ 3). This suggests the presence of an asymmetry in the regulation of inactivation by K ϩ , possibly related to the location or number of K ϩ ions on either side of the selectivity filter (Doyle et al., 1998) .
Association of the selectivity change with the inactivation mechanism
Although the change in ionic selectivity in Kv2.1 over time appears to have been associated with the inactivation process, it remained a possibility that these two events represented independent responses to depolarization. We tested this by examining four properties classically associated with inactivation: voltage-and time-dependence of onset and voltage-and time-dependent recovery. Fig. 4 A illustrates the twin pulse protocols that were used to examine the voltage-and time-dependence of the onset of the selectivity change. Cells were held at potentials between Ϫ110 and ϩ90 mV for 1 s, followed by a test pulse to Ϫ10 mV. At Ϫ110 mV, most or all channels should be removed from the inactivated state and initial current flow during the test pulse will represent current through the open state of the channel. Indeed, when cells were held for 1 s at Ϫ110 mV, the test depolarization to Ϫ10 mV evoked an outward K ϩ current. Currents were normalized to the peak outward tail current that followed the prepulse to Ϫ110 mV (n ϭ 3 for each data set). (C) Protocol for studying recovery from inactivation and currents that resulted. An initial test depolarization to Ϫ10 mV was presented to evoke a control outward K ϩ current. This was followed 400 ms later by a 2 s depolarization to ϩ 40 mV to partially inactivate the channels. A test pulse to Ϫ10 mV was then presented at 1 s intervals to monitor the recovery of the outward current. One postinactivation test pulse was delivered for each 2 s inactivating pulse; 17 superimposed currents are shown, recorded at 40 s intervals. (D) Time course of return from post-inactivation inward Na ϩ current to control outward K ϩ current, for two post-inactivation holding potentials (n ϭ 7 for each data set).
As the prepulse was made more positive, the outward current evoked by the Ϫ10-mV test depolarization decreased in magnitude and eventually reversed to become an inward current. Fig. 4 B plots the current magnitude as a function of prepulse voltage for prepulses of 1 and 0.5 s duration. Current was normalized so that the peak outward current magnitude following a prepulse to Ϫ110 mV had a value of 1. As predicted for voltage-dependent inactivation, the change in selectivity was sensitive to both prepulse potential and time. Furthermore, as predicted for a slow inactivation mechanism, the magnitude of the inward Na ϩ current obtained following very positive prepulses was decreased with shorter duration prepulses. Fig. 4 C illustrates the protocol used to examine recovery from inactivation. A 200-ms test pulse to Ϫ10 mV was delivered to obtain the magnitude of outward K ϩ current before inactivation. A 2 s depolarization to ϩ40 mV was then delivered 400 ms later to inactivate the channels (channels inactivated by 83.8 Ϯ 1.3%, n ϭ 7), and then 200 ms test pulses to Ϫ10 mV were delivered at incremental intervals to monitor the recovery of the outward K ϩ current. Immediately following the 2 s inactivating stimulus, the current at Ϫ10 mV was inward. Over time, the magnitude of the inward current decreased and reversed to an outward current. Fig. 4 D illustrates the time-dependent recovery of K ϩ current for seven cells held at two different potentials. Similar to recovery from C-type inactivation in Kv1.3 (Levy and Deutsch, 1996) , recovery from inward Na ϩ current to within 10% of outward K ϩ current was both time and voltage-dependent; holding cells at more negative potentials during the recovery period increased the rate of recovery. The data in Fig. 4 indicate that the change in selectivity and the inactivation process are intimately linked, and suggest that indeed, the change in selectivity is caused by the inactivation process.
Selectivity change in a C-type inactivating chimera
It has been proposed that slow inactivation in Kv2.1 has some properties that differ from classical C-type inactivation observed in Shaker, Kv1.3, and other K ϩ channels (De Biasi et al., 1993) . Whether these differences represent variation of a single fundamental mechanism or represent a different inactivation mechanism has not yet been resolved. Because most of the mechanistic understanding of slow inactivation is derived from studies of channels that undergo classical C-type inactivation (Hoshi et al., 1991; Liu et al., 1996; Lopez-Barneo et al., 1993; Ogielska et al., 1995; Panyi et al., 1995; Yellen et al., 1994) , we sought to determine directly whether the time-dependent change in selectivity observed in Kv2.1 also occurred in a channel undergoing C-type inactivation. These studies cannot be done with wild-type, C-type inactivating channels such as Shaker, or Kv1.3 because they are impermeable to Na ϩ in FIGURE 5 Change in selectivity during inactivation of a C-type inactivating, chimeric K ϩ channel. Recordings were made from a chimeric K ϩ channel that consisted of the S5-S6 loop from Kv1.3 inserted into the backbone of Kv2.1 . (A) Tail currents were recorded as in Fig. 1 A, with 3 mM internal K ϩ and 165 mM external Na ϩ . Channels were activated by depolarization to ϩ40 mV for 22 ms or 4.3 s. There was no apparent inactivation at 22 ms; the 4.3 s depolarization resulted in 88.4 Ϯ 2.4% (n ϭ 6) inactivation. (B) Current recorded as in Fig. 2 C, except with 140 mM internal Na ϩ and 3 mM external K ϩ . (C) Seventeen superimposed currents are illustrated, evoked at 20 s intervals under the ionic conditions of panel A. Depolarizations to ϩ40 mV ranged in duration from 15 ms to 2.4 s at 150 ms intervals. Each depolarization was followed by repolarization to Ϫ80 mV. The peak inward Na ϩ tail current occurred on trace #3 in which the K ϩ current was inactivated by 74.8%. the presence of even very low [K ϩ ]. Consequently, we used a chimeric channel, composed of the S5-S6 loop from Kv1.3 inserted into a Kv2.1 backbone (Gross et al., 1994; . This channel allows Na ϩ to conduct better than Kv1.3, but like Kv1.3, appears to use a classical C-type inactivation mechanism .
The current-voltage relationships in Fig. 5 A were obtained from chimeric channels recorded in the presence of 3 mM internal K ϩ and 165 mM external Na ϩ . Following brief (22 ms) depolarization, which produced little inactivation, currents reversed at Ϫ53.6 Ϯ 1.1 mV (n ϭ 9; Fig. 5 A) . Following a more prolonged (4.3 s) depolarization, which resulted in 88.4 Ϯ 2.4% (n ϭ 6) inactivation, current reversed at Ϫ11.8 Ϯ 1.3 mV (n ϭ 9; Fig. 5 A) . This represents a fivefold increase in permeability to Na ϩ relative to K ϩ following inactivation. As observed in Kv2.1, this change in selectivity could also be observed as a time-dependent reversal of current polarity and could be observed with K ϩ on the extracellular side of the channel (Fig. 5 B) . In the presence of 3 mM external K ϩ and 140 mM internal Na ϩ , current initially flowed in the inward (K ϩ -carrying) direction and over time reversed to the outward (Na ϩ -carrying) direction. The results in Fig. 5 B appear to differ from those with Kv2.1 in that the outward Na ϩ current was sustained for a prolonged period of time. This observation is consistent with previous experiments, which demonstrated that Na ϩ continues to permeate this chimeric channel following inactivation . However, the experiment in Fig. 5 C suggests that this chimeric channel also goes through two different permeation states during inactivation. Currents were recorded with 3 mM internal K ϩ and 165 mM external Na ϩ (as in Fig. 5 A) , and depolarizing steps to ϩ40 mV were delivered for durations ranging from 15 ms to 2.4 s. Following a 15 ms depolarization, repolarization to Ϫ80 mV revealed a small inward Na ϩ tail current. As inactivation progressed, peak inward tail currents became larger and then began to decrease, which reflects an initial increase followed by a decrease in inward Na ϩ conductance (inward currents were eliminated by removal of external Na continued to permeate the channel albeit with a reduced conductance. These data are consistent with the hypothesis that the chimeric channel, like Kv2.1, goes through two different inactivation states, which are distinguished by the relative ability of Na ϩ to permeate.
Selectivity change in a Shaker mutant
Our data with the chimeric channel suggest that the selectivity change occurs in a C-type inactivating channel. However, this chimera is composed largely of Kv2.1 structural components . Consequently, it could be argued that the selectivity change was still a unique function of the Kv2.1 structure. To test this, we examined the change in selectivity in a Shaker mutant, Shaker ⌬ A463C. This channel is highly selective for K ϩ , allows Na ϩ to permeate in the absence of K ϩ better than wild-type Shaker, and displays competition between K ϩ and Na ϩ for passage through the pore (Ogielska and Aldrich, 1996) . Fig. 6 illustrates tail currents in the presence of 2 mM internal K ϩ , following a 50-ms depolarization that produced little inactivation (Fig. 6 A) and a 500 ms depolarization (Fig. 6 B) . The 500 ms depolarization resulted in 74.0 Ϯ 5.6% inactivation (n ϭ 4). In the absence of inactivation, currents reversed at Ϫ41.5 Ϯ 1.3 mV (n ϭ 4; Fig. 6 A and D) . Following the 500 ms depolarization, currents reversed at Ϫ20.3 Ϯ 3.0 mV (n ϭ 4; Fig. 6 B and D) . Substitution of NMG ϩ for external Na ϩ abolished the inward currents ( Fig.  6 C and D) , which demonstrates that the inward current was carried by Na ϩ and was not due to extracellular accumulation of K ϩ . FIGURE 7 Biphasic change in Na ϩ current amplitude during inactivation in Shaker ⌬ A463C. Protocol as in Fig. 2 A, except that the first depolarizing step was for a 40 ms duration, and the duration of subsequent steps increased in 200 ms increments. In three cells, the largest inward current (trace 3) was 0.14 Ϯ 0.04, the size of the peak outward current. FIGURE 8 Schematic illustration of two hypotheses. The solid circles represent K ϩ ions, the hatched circles represent the smaller Na ϩ ions. For simplicity, the selectivity filter binding site is illustrated as occupied by a single ion. (A) Hypothesis I is that the selectivity filter itself is the inactivation gate. In the open state (state O), K ϩ is preferred over Na ϩ . During inactivation (state I 1 ), the diameter of the narrow region of the pore decreases, inhibiting K ϩ flux but still allowing (and perhaps enhancing) Na ϩ flux. The presence of K ϩ in the inner vestibule does not prevent Na ϩ flux through the channel because of the relatively low affinity and nonselectivity of this site for cations (Bezanilla and Armstrong, 1972) . As inactivation proceeds (state I 2 ), the diameter of the narrow region decreases further and neither K ϩ nor Na ϩ can permeate the channel. (B) Hypothesis II is that the inactivation gate is external to and distinct from the selectivity filter. In this model, the structure that underlies the selectivity filter itself does not change during inactivation. During the initial phase of inactivation (state I 1 ), a gate external to the selectivity filter starts to close, reaching an inner diameter that inhibits K ϩ flux but still allows Na ϩ to pass through the inactivation gate. In this state, however, K ϩ occupies a high affinity, highly selective cation site associated with the selectivity filter and prevents Na ϩ from conducting. State I 2 would be indistinguishable from state I 1 in our experiments.
As with Kv2.1 and the chimeric channel, Shaker ⌬ A463C also displayed a biphasic change in Na ϩ permeation (Fig. 7) . With 6 mM internal K ϩ and 165 mM external Na ϩ , the magnitude of the inward current increased as the outward K ϩ current inactivated by 70%. With prolonged depolarization and continued inactivation, the magnitude of the Na ϩ current then decreased. Inward Na ϩ currents were not observed with internal [K ϩ ] greater than 10 mM (data not shown).
DISCUSSION
When currents through K ϩ channels are carried by K ϩ , slow inactivation results in the virtually complete inhibition of current flow through the channel. The concept associated with this phenomenon, derived from the widely accepted description of changes in channel states as "gating" events, suggests the closing of a gate in the pore which stops the flow of current. Recently, conformational changes were demonstrated to occur in the outer mouth of the pore during inactivation Liu et al., 1996) . The observations that all four subunits contribute to the inactivation mechanism (Ogielska et al., 1995; Panyi et al., 1995) , that the rate of inactivation is decreased when the outer mouth of the channel is occupied by tetraethylammonium, K ϩ , or H ϩ (Busch et al., 1991; Choi et al., 1991; LopezBarneo et al., 1993; Baukrowitz and Yellen, 1996) , and that amino acids in the outer mouth of the pore become closer in proximity (Liu et al., 1996) suggested that the conformational change resulted in a constriction within the pore. Cysteine mutagenesis studies suggested that amino acids just external to the selectivity filter were involved in the molecular motion that contributed to the putative constriction Liu et al., 1996) . The observation that ionic selectivity in the Shaker K ϩ channel changes during the slow inactivation process suggests that the molecular motion that underlies inactivation at least radiates to the selectivity filter (Starkus et al., 1997) .
Change in selectivity during slow (C-type) inactivation
Our results demonstrate that during slow inactivation, voltage-gated K ϩ channels undergo a multistep change in selectivity. Initially, the ability of K ϩ to conduct decreases and the permeability of Na ϩ relative to K ϩ increases. We cannot determine from our data whether the intrinsic ability of Na ϩ to conduct is enhanced during inactivation or whether the appearance of Na ϩ current reflects a decrease in the ability of K ϩ to block Na ϩ conductance as K ϩ permeability decreases. As inactivation continues, the ability of Na ϩ to conduct then decreases. Our data can be explained by either of two fundamentally different types of permeation state changes. First, during inactivation, the channel may change from one with a high selectivity for K ϩ (the open state), to one with a high selectivity for Na ϩ (inacti- 
Evidence that the selectivity filter is the inactivation gate
Occupation of the pore by K ϩ slows inactivation (LopezBarneo et al., 1993; Baukrowitz and Yellen, 1996) apparently by binding to a high affinity site associated with the ionic selectivity mechanism . Structural data suggest that this high affinity binding occurs in the narrow region of pore that constitutes the selectivity filter (Doyle et al., 1998) . These observations suggested that the slow inactivation process involved the selectivity filter.
Our data presented here support the hypothesis that the selectivity filter itself is part of, and possible solely, the inactivation gate (Fig. 8 A) and argue against the hypothesis that the inactivation gate is independent of the selectivity filter. As inactivation proceeds, the ability to conduct K ϩ decreases and the ability to conduct Na ϩ increases. In appropriate mixtures of K ϩ and Na ϩ , the channel changes from a state that carries predominantly K ϩ to a state that carries predominantly Na ϩ (Fig. 3 B and C) . Subsequently, the channel proceeds from a Na ϩ -conducting state to a nonconducting state (Fig. 3 B and C) . These data are consistent with a model whereby the conformational change during inactivation proceeds by a multistep process, during which the selectivity filter properties change at least twice. In the simplest (but not the only) possible model (Fig. 8 A) , the open state (state O) is highly selective for K ϩ over Na ϩ . During inactivation, the channel converts to a state (state I 1 ) that significantly inhibits or prevents K ϩ flow through the selectivity filter but which conducts Na ϩ relatively well. As inactivation continues (state I 2 ), the ability of Na ϩ to conduct is then diminished. It should be noted that, in accord with previous hypotheses, the model is drawn to suggest that the conformational change results in a constriction of the selectivity filter. The most important point, however, is that in order for inactivation to occur, this hypothesis requires that the ability of K ϩ to occupy the selectivity filter, from either the internal vestibule or external vestibule, is markedly reduced.
Evidence that the inactivation gate is not independent from the selectivity filter Previous data were also, however, consistent with an alternative hypothesis, that inactivation inhibits current flow at a pore location distinct from (and external to) the selectivity filter. In this case, the change in ionic selectivity could result from at least two possible mechanisms. First, a change in selectivity filter properties could be secondary to the molecular motion that underlies inactivation at the more external location. Thus, the molecular motion that closes the inactivation gate might radiate to the selectivity filter, and the change in selectivity would then be a by-product of inactivation. Alternatively, conformational changes that occur remote from the "selectivity filter" could, indeed, produce a change in ionic selectivity. For example, if both Na ϩ and K ϩ are capable of passing through the selectivity filter, then the relative ability of Na ϩ and K ϩ to reach the selectivity filter will influence the relative permeability. Thus, a conformational change that occurs in the permeation pathway leading to the selectivity filter could initially decrease access of K ϩ to the selectivity filter while enhancing or not changing the ability of Na ϩ to reach the selectivity filter. If this occurred, the permeability of Na ϩ relative to K ϩ would increase. Although it has not been ruled out, there is no experimental support for the hypothesis that a conformational change occurs internal to the selectivity filter during slow inactivation. In theory, however, an inactivation-induced conformational change in the external vestibule, for which there is substantial evidence, could produce such a change in selectivity. For example, channels respond functionally to millimolar concentrations of extracellular K ϩ , consistent with the presence of a low affinity K ϩ "binding site" external to the selectivity filter (Baukrowitz and Yellen, 1996; Levy and Deutsch, 1996; Lopez-Barneo et al., 1993; . Whether this low affinity binding site is associated with the doubly bound GYG sequence, as intimated by Doyle et al. (1998) , or reflects a poorly understood K ϩ concentrating mechanism external to the GYG sequence, is not yet known. Nonetheless, a substantial change in the functional properties of this external binding site, such that access of external Na ϩ to the selectivity filter increased dramatically during inactivation, could increase the relative permeability of Na ϩ and thus produce the observed increase in selectivity.
The data in Figs. 3 B and C and 5 B argue against the hypothesis that the inactivation gate is distinct from the selectivity filter. As inactivation proceeds in relatively low [K ϩ ], channels convert from predominantly K ϩ conducting (currents flowing with the [K ϩ ] gradient) to predominantly Na ϩ conducting (currents flowing against the [K ϩ ] gradient). In these two different states, the selectivity filter is primarily occupied by K ϩ and Na ϩ , respectively. If the inactivation gate were located on one side of the selectivity filter and distinct from the selectivity filter, one would expect to observe the inactivation-induced change in selectivity with K ϩ on one side of the pore but not the other. This is depicted in Fig. 8 B, which illustrates a pore with an inactivation gate external to the selectivity filter. A conformational change at this externally located gate could produce a relative increase in access of Na ϩ to the selectivity filter (Fig. 8 B, I 1 ). For example, such a conformational change could preferentially concentrate Na ϩ at the approach to the selectivity filter, and possibly also reduce the effective [K ϩ ] in this region. With K ϩ on the side of the channel opposite the gate (the internal side, in this case), K ϩ would continue to gain unimpeded access to the selectivity filter ( Fig. 8 B, I 1 ) . The affinity of the selectivity filter for K ϩ is much higher than for Na ϩ (in the chimera, 100 M K ϩ is sufficient to block current carried by 165 mM Na ϩ ; and according to this hypothesis, would not change with inactivation. Consequently, occupancy of the selectivity filter by K ϩ would continue to prevent Na ϩ from flowing through the channel in the inactivated state. Because the inactivation process inhibits K ϩ flux and enhances relative Na ϩ flux regardless of whether K ϩ is internal or external to the selectivity filter, either the selectivity filter itself must be responsible for the inhibition of K ϩ flux or there must be two inactivation gates, one on either side of the selectivity filter.
Mechanism of selectivity for K
؉ over Na ؉ Our data also provide experimental evidence for the mechanism of ionic selectivity in K ϩ channels. The "close fit hypothesis", proposed to explain ionic selectivity in K ϩ channels (Bezanilla and Armstrong, 1972) , postulates that the ability of K ϩ but not Na ϩ to traverse the selectivity filter occurred because K ϩ fits snugly within the narrow region of the pore and could bind strongly with a cation binding site associated with the narrow region. In contrast Na ϩ was too small to fit snugly into the narrow region and could not obtain enough energy to dehydrate and conduct. Doyle et al. (1998) interpreted their structural model of the Streptomyces lividans K ϩ channel as evidence for a rigid selectivity filter and again proposed that selectivity against Na ϩ resulted largely from the inability of Na ϩ to fit snugly enough within the selectivity filter to dehydrate. Combined with evidence that the pore undergoes a constriction during inactivation, the observation that channel selectivity shifts from nearly exclusive preference for the larger K ϩ to a significant facility for conducting the smaller Na ϩ (or Li ϩ , data not shown) to a nonconducting channel provides func-tional experimental support for this hypothesis. However, these results also suggest that the selectivity filter structure is not entirely rigid.
Summary
Slow inactivation in Kv2.1 is clearly different from "classical" C-type inactivation. However, our data suggest that one underlying mechanism in common to slow inactivation in both Kv2.1 and Shaker-related channels is that the functional properties of the selectivity filter undergo a multi-step change, such that the channel initially becomes less permeable to K ϩ and relatively more permeable to Na ϩ and then as the inactivation process continues, becomes less permeable to Na ϩ .
